Interfacial enzyme reactions require formation of an enzyme-substrate complex at the surface of a heterogeneous substrate, but often multiple modes of enzyme binding and types of binding sites complicate analysis of their kinetics. Excess of heterogeneous substrate is often used as a justification to model the substrate as unchanging; but using the study of the enzymatic hydrolysis of insoluble cellulose as an example, we argue that reaction rates are dependent on evolving substrate interfacial properties. We hypothesize that the relative abundance of binding sites on cellulose where hydrolysis can occur (productive binding sites) and binding sites where hydrolysis cannot be initiated or is inhibited (non-productive binding sites) contribute to rate limitations. We show that the initial total number of productive binding sites (the productive binding capacity) determines the magnitude of the initial burst phase of cellulose hydrolysis, while productive binding sites depletion explains overall hydrolysis kinetics. Furthermore, we show that irreversibly bound surface enzymes contribute to the depletion of productive binding sites. We examine the relationship of the state of bound enzyme (productive or non-productive) with binding site evolution throughout hydrolysis. Our model shows that decreasing nonproductive binding sites promotes productive binding and prevents the shortening of burst phase hydrolysis by lessening the effect of enzyme stalling.
Introduction
Interfacial enzyme reactions are widespread in vivo and industrially, but the underlying rate governing mechanisms of these reactions are often obscured by complex interplay of reaction intermediates and reaction steps. For example, the enzymatic hydrolysis of insoluble cellulose has long been studied, yet understanding of the molecular origins of the rate slowdown of the enzymatic hydrolysis of cellulose remains incomplete. Product inhibition and enzyme instability only partially account for this slowdown 1 and the underlying mechanisms causing rate slowdown have been probed with numerous kinetic models [2] [3] . Studies elucidating inherent enzyme properties contributing to rate limitations have pointed to the processivity 4-7 , on-rate [8] [9] [10] , or off -rate 5, 7, [11] [12] [13] [14] as inherent properties of cellulases that lead to hydrolysis slowdown, but these "enzyme-centric" models often fail to predict hydrolysis trends in their entirety 3 . Understanding of enzyme binding to cellulose is essential for full elucidation of hydrolysis kinetics, but the two domain structure of exocellulases like Trichoderma reesei Cel7A allows for multiple modes of enzyme binding by the carbohydrate binding module (CBM) and the active-site-containing catalytic domain (CD) [19] [20] . An enzyme that is complexed with a cellulose chain and producing soluble product is said to be productively bound, and we define the total number of sites per mass of cellulosic substrate wherein productive binding can occur as the productive binding capacity. Conversely, enzyme bound to the surface in the inactive state (non-productively bound) can be non-specific, by the CBM only, or complexed by the CD but somehow stalled or inactivated 5, [8] [9] [21] [22] , as illustrated in Figure 1 . Experimental quantification of bound enzyme with occupied or free active sites has been performed using a soluble reporter molecule 4, 12, 15, [23] [24] [25] , but this method does not differentiate between productively bound enzymes and catalytically inactive enzymes with an occupied active site.
Further complicating our understanding of hydrolysis kinetics is the substantial effect of cellulose morphology on hydrolysis rates, and many studies conclude that rate loss is substrate limited 3, 10, [26] [27] [28] [29] [30] [31] . However, understanding of the role of inherent cellulose properties and enzymatic modification of the substrate in cellulose hydrolysis remains incomplete, with limited understanding of substrate properties affecting hydrolysis both initially and longer term. For instance, surface obstacles are often cited as an intrinsic substrate property that causes premature termination of cellulolytic action 4-5, 8, 10, 19, 21-22, 26, 32-35 , but their structural origin remains obscure. Cellulose accessibility is described as another key parameter which limits hydrolysis, and a number of previous reports have estimated the concentration of productive binding sites on (1) adsorbs and complexes with an accessible cellulose chain (a productive binding site) resulting in hydrolysis. Non-productive binding can occur by the following mechanisms: (2) enzyme in solution adsorbs and complexes with a non-hydrolyzable chain end, (3) enzyme in solution adsorbs by the CBM only, (4) a productively bound enzyme decomplexes to become bound by the CBM only, or (5) a productively bound enzyme becomes blocked on the surface when it encounters a surface obstacle (a non-productive binding site or another nonproductively bound enzyme) in a process referred to as 'stalling'. Non-hydrolyzable chain ends, surface obstacles causing stalling, or adsorption binding sites are lumped into the category of 'non-productive binding sites'. Enzyme was constructed in PyMol 15 from (PDB 4C4C) 16 , (PDB 1CBH) 17 , and using the linker sequence from Badino et al. 2017 18 . a variety of celluloses 12, 19, 23, 31 , but understanding of what makes a cellulose chain accessible to hydrolysis by cellulases is limited. Studies often point to the crystallinity of cellulose as the origin of cellulose reacalcitrance 27, 36 , as the free energy required to form a productive complex from a cellulose crystal is substantial [37] [38] , but it was recently shown that the initial accessibility of cellulose is not governed by crystallinity 31 .
The effect of enzyme action on substrate properties limiting hydrolysis is largely uncharacterized. Often, attempts to understand the role of cellulose heterogeneity in rate decrease involves descriptions of more-and less-accessible fractions of substrate, but understanding of the evolution of the accessible fraction-i.e., the productive binding capacity-throughout hydrolysis is limited. As the heterogeneous reaction takes place at the solid-liquid interface, it is reasonable to assume a surface ablation mechanism by which removal of productive binding sites from an accessible fraction exposes new sites from an inaccessible central core 8, 12, 32, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , and the initial cellulose surface area and concentration of productive binding sites has been shown to limit hydrolysis rates 3, 6 , in support of this mechanism. However, mechanically increasing cellulose chain reducing end concentrations did not improve cellulose accessibility to TrCel7A (a reducing-end specific cellobiohydrolase) 44 , and the availability of reactive sites is not proportional to surface area or total reducing end concentrations 31, 49 , indicating that the location of a cellulose chain on the surface of a cellulose particle alone is not a sufficient criterion to indicate accessibility. Furthermore, neither depletion of surface area nor shortening of chains explains long term hydrolysis slowdown 3 . Previous studies have linked structural effects of enzyme degradation to accessibility 44, 50-52 , but to our knowledge, the results shown here are the first specifically quantifying the accessibility of cellulose by means of productive binding capacity measurements throughout the duration of hydrolysis.
Since the true physical definition of a productive binding site remains undefined, direct experimental measurement of the concentration of productive binding sites (sometimes also referred to as attack sites) of a cellulosic substrate has not been reported. It is, however, possible to use the enzyme as a reporter to estimate the concentration of productive binding sites. Using the ratio of specific maximum rates obtained at enzyme and substrate saturation, the concentration of productive binding sites has been estimated on Avicel 46 . Here, we use the rate of product released by Cel7A as a reporter of the concentration of binding sites, which at saturation directly correlates to the number of available productive Cel7A binding sites on cellulose, shown schematically in Figure 2 .
We previously simulated the kinetics of cellulose hydrolysis by Cel7A using a mechanistic model based on the interactions described in Figure 1 . When the concentration of productive binding sites was held constant at the initial productive binding capacity of the substrate ([SP]0 = [SPT] and d[SP]/dt=0), the model accurately captured burst phase product release rates, but over-predicted beyond the first several seconds of the reaction31. In the current work, we quantified the time dependent change in the productive Cel7A binding capacity of cellulose. Incorporating these trends into our model allowed us to accurately predict hydrolysis trends for a number of substrates, and provides important insight into the true origins of cellulose recalcitrance.
Experimental Section

Purification of Cel7A
Cel7A was purified from a commercial cellulase preparation (Sigma Cat# C2730) by anion exchange, p-aminophenyl-β-d-cellobioside (pAPC) affinity, and size exclusion chromatography as described previously 51 with the addition of a buffer exchange into 50 mM sodium acetate, 100 mM sodium chloride (pH 5.0) preceding loading onto the size exclusion column. The pAPC column matrix was synthesized using commercially available pAPC (Carbosynth). Purity of the final Cel7A preparation was identified by a single band in an SDS-PAGE at ~65 kDA and the identity of Cel7A was verified by LC/MS/MS at the proteomics facility at University of California, Davis (http://proteomics.ucdavis.edu/).
Cellulose Preparation
Microcrystalline cellulose (MCC), Filter paper (FP), Swollen Filter Paper (SC), Bacterial Cellulose from Gluconacetobacter xylinum (BC) and algal cellulose from Cladophora aegagropila (AC) were prepared as previously described 53 . Hydrochloric acid treated algal cellulose (HCl AC) was prepared with adjustments to previously published methods 54 . Algal cellulose was incubated with 5 M HCl at 70 o C overnight and then extensively washed with water and 50 mM sodium acetate. Dried cellulose was generated by drying never-dried SC, BC and AC at room temperature and resuspending in buffer. 
Preparation of partially hydrolyzed cellulose
Cellulose that was hydrolyzed to varying extents by Cel7A was generated and washed using modifications to methods by Jung et al. 55 , Jeoh et al. 56 and Yang et al. 22 . Saccharification of FP, SC, MCC, BC, and AC was conducted using 2.5 µM purified Cel7A with 0.5 mg/mL substrate loading in 50 mM sodium acetate (pH 5.0) in 5 mL CENTREX 0.45 um Nylon filter tubes. The filter tube bottoms were plugged and the reactions were conducted at 50 o C with 25 rpm end over end rotation. The reactions were stopped after 0, 1, 4, 24, 48 and 120 hours for FP, AC, and MCC, and 0, 5, 15, 45 and 60 minutes for BC and SC by centrifuging the tubes at 4000 rpm and 4 o C for 1 minute. The cellulose was immediately washed to remove residual active enzyme with either a salt wash or protease wash as described below. The error in solids loading due to losses during washing was determined to be negligible by an Anthrone assay before and after washing and is detailed in Supporting Information (SI). The washed substrates were analyzed with Synchrotron FTIR (sFTIR), using the presence or absence of the amide I and II peaks between 1500 and 1700 cm -1 as indication of the presence or absence of surface bound Cel7A (SI). Extent of hydrolysis was calculated from the concentration of soluble sugars in the filtrate measured as described below.
Cellulase removal from partially hydrolyzed cellulose
Partially hydrolyzed cellulose retentates were resuspended in 0.5 M NaCl and filtered, repeated twice. The cellulose was then washed in a similar manner using 50 mM sodium acetate buffer pH 5.0, three times and resuspended. To remove any irreversibly bound protein, a portion of the salt washed cellulose was resuspended in phosphate buffer (pH 7.5) and incubated with 0.2 mg/mL Pronase E at 25 rpm and 37 C overnight. 22 The protease was then washed from the cellulose using the same salt washing protocol as described above.
Quantification of solubilized sugars
The soluble sugars in the filtrate were measured by high performance anion exchange chromatography with pulsed amperometric detection (HPAE-PAD) using Dionex™ CarboPac™ SA10 Analytical and guard columns (Dionex, Thermo Fisher Scientific Inc., Sunnyvale, CA) as described previously 31 .
Determining the productive Cel7A binding capacity of cellulosic substrates
The productive binding capacity was estimated from maximum hydrolysis rates from monitoring the concentration of cellobiose (CB) released over short times (d[CB]/dt) within the burst phase of hydrolysis as previously described 6, 31 . Enzyme loadings ranging from 5-130 µmoles Cel7A/g of cellulose were added to 0.05 mg/mL of cellulose in a stirred, jacketed cell at 50°C and 200 rpm to initiate each reaction. An amperometric cellobiose biosensor 57 using Phanerochaete chrysosporium cellobiose dehydrogenase (CDH) was used to obtain real-time (sub-second) measurements of cellobiose concentrations within the first minute of the reaction at a sampling rate of 10 s -1 . The productive Cel7A binding capacities of SC, BC, FP, MCC and AC were previously measured by Karuna and Jeoh from fits to discretely sampled cellobiose concentrations at time points within a few seconds at the start of each hydrolysis reaction. 6 In this study, the use of a CDH biosensor significantly improved this measurement with real-time, continuous measurements of cellobiose release in the hydrolysis reaction. A comparison of the productive binding capacities estimated for the five celluloses show good agreement and a marked increase in experimental reproducibility ( Figure 3 ). Details of the biosensor, including calibration, validation and example data are provided in supporting information.
The concentration of productively bound Cel7A ([EBP]) was estimated from the first order relationship (Equation 1) describing processive hydrolysis of cellulose by a productively bound enzyme with kcat = 5.4 s -1 . 6
The productive binding capacity, SPT was estimated as the concentration of productive binding sites at saturating enzyme loadings (i.e., no further increase in initial hydrolysis rates with additional enzyme loading) ( Figure 2 ).
Estimating the time dependency of the productive binding capacity of cellulose during hydrolysis
The productive binding capacities as a function of time for all the celluloses were best fit by a double exponential decay equation, suggesting that there are two populations of productive binding sites (Equation 2):
where SPT is the total concentration of productive binding sites (µmole/g), SP1 and SP2 are preexponential factors describing initial concentrations of accessible sites (µmole/g), and τ1 and τ2 are characteristic decay times of the two productive binding site populations (h). Equation 2 was differentiated with respect to time to empirically model the rate of change of productive binding sites on cellulose during hydrolysis:
Modeling the hydrolysis of cellulose by Cel7A
The kinetics of cellulose hydrolysis was modeled as described in Table 1 . Productive interactions between Cel7A and cellulose include: adsorption and complexation of Cel7A enzyme (E) with a productive binding site (SP); processive hydrolysis of cellulose by a productively bound enzyme (EBP) producing the product (P), cellobiose; and decomplexation/desorption of the enzyme from the insoluble cellulose surface. 6 Additionally, non-productive binding interactions depicted in Figure 1 where a non-productively bound enzyme (EBNP) is formed at non-productive binding site (SNP) or from a productively bound enzyme are incorporated. Elementary steps in Table 1 are numbered according to Figure 1 . Descriptions of the rate constants and nomenclature in Table 1 are provided in Table 2 . Table 1 : Elementary steps in the overall mechanism of Cel7A hydrolysis of cellulose. Numbering in the scheme corresponds to Figure 1.
Productive adsorption and
complexation of enzyme from solution (4) 2. Non-productive adsorption and complexation from solution (5) 3. Non-productive adsorption from solution (6) 4. Productive decomplexation without desorption.
5. Stalling of a productively bound enzyme to become nonproductively complexed (8) The rate equations for all species in the mechanistic model 6 , including the additional relationship for the rate of change of productive binding capacity (Equation 3) were solved numerically using the ode45 function in MATLAB and with initial conditions matching experimental hydrolysis conditions used in generating the partially hydrolyzed substrates ([S0]=0.5 g/L, [E0]=2.5 µM, SP0 from Figure 3 and Table 4 ). Hydrolysis was modeled for 120 hours or until 100% conversion was reached. Rate constants derived from the literature are summarized in Table 2 , and the justification of these parameters and model development are discussed in greater detail elsewhere 6 . The apparent processivity was held constant for all substrates simulated, and was modeled as unchanging during hydrolysis. It should be noted that the published values of napp vary widely depending on the substrate used 6 , and that conversion dependent reduction of processivity has been observed for other processive enzyme systems, 58 and as such, our use of a single unchanging value for napp is one simplification not addressed in this work. 
Results and Discussion
Initial productive Cel7A binding capacity of cellulose determines the magnitude of the initial burst phase The productive cellulase binding capacity, [SPT] , is defined as the number of productive cellulase binding sites per mass of cellulose 31 . The productive Cel7A binding capacity of substrates is determined kinetically from maximum cellobiose release rates (Equation 1) under the premise that product formation is a direct indication of productively bound enzymes. As such, the productive Cel7A binding sites are neither assumed to be cellulose reducing ends per se, nor does this method discount the possibility of 'endo-initiation' 26 . Rather, the productive Cel7A binding capacity simply counts the maximum number of sites on cellulose where Cel7A has been able to complex and hydrolyze cellulose (Step 1, Figure 1 ).
As previously observed, despite their similar compositions 31 , the concentration of productive binding sites differed markedly between phosphoric acid swollen filter paper (SC), bacterial cellulose (BC), algal cellulose (AC), filter paper (FP), and microcrystalline cellulose (MCC), where the magnitude of [SPT] ranked in the order SC>BC>FP>MCC>AC ( Figure 3 ).
Two of the more recalcitrant celluloses, FP and MCC, were dried during processing, which is thought to cause irreversible aggregation due to hornification and thereby limit cellulase accessibility [59] [60] . When never-dried SC, BC and AC were air-dried, the productive Cel7A binding capacities dropped dramatically ( Figure 3 ). Extensive acid hydrolysis of cellulose yields highly recalcitrant nanocellulose; here we demonstrate that acid treatment of AC resulted in ~70% decrease in the productive Cel7A binding capacity.
The order, from high to low productive Cel7A binding capacities for the five cellulosic substrates (SC>BC>FP>MCC>AC), correlates with the conversion reached at the end of the initial burst phase of the hydrolysis curves ( Figure 4) . Similarly, our previous modeling results indicated that the initial productive cellulase binding capacity limits the extent of initial burst phase kinetics 6, 31 . The productive Cel7A binding capacities in Figure 3 , however, are an initial condition and do not indicate the availability of the productive binding sites immediately following the initiation of the reaction. When the productive Cel7A binding capacity is assumed to remain constant throughout the hydrolysis reaction, modeling results over estimate reaction extents 31 . We hypothesized that rate retardations during hydrolysis could be a consequence of the depletion of productive cellulase binding sites on cellulose. 
Productive Cel7A binding sites deplete during the course of cellulose hydrolysis
We determined the evolution of accessible productive Cel7A binding sites over the course of hydrolysis by measuring the productive binding capacities of residual cellulose sampled at various times during the reactions. The partially hydrolyzed cellulose samples were extensively washed with a salt solution to remove surface enzymes and generate 'salt-washed cellulose' (SWC). The productive binding capacities of all the celluloses decreased throughout conversion ( Figure 4C ). The two easily hydrolyzed celluloses with higher initial productive binding capacity, SC and BC, retained higher concentrations of available productive binding sites for the duration of hydrolysis compared to the more recalcitrant FP, MCC and AC. Table 3 ); dotted lines in (A) and (B) are simulation results from incorporating the scheme in Table 1 and Equation 3 .
The productive binding capacity decay trends observed here are in accordance with reported decreases in hydrolysis rates from "restart" experiments with Cel7A 61 and the decline in specific activity of adsorbed cellulases regardless of cellulose crystallinity 62 . The concentration of cellulase "attack sites" has been estimated from substrate saturating conditions on BC after 30 minutes as 0.96 µmole/g cellulose 19 , and Avicel after 1 hour as 0.22 µmole/g 46 , in good agreement with the values of 1.8 µmole/g for BC at 30 min and 0.4 µmole/g for Avicel at 1 hour reported here. Cellulose is frequently considered an inert material during hydrolysis, yet Figure 4 provides direct evidence that cellulose (as "sensed" by Cel7A) evolves significantly during hydrolysis. Often, a low degree of conversion is used to justify the treatment of cellulose as unchanging in the time frame studied, however, the rapid decay in productive binding capacity at low conversions observed for all celluloses regardless of crystallinity, degree of polymerization, cellulose source or processing history emphasizes the need for careful consideration in selection of cellulosic material and sampling time points in future studies.
A double exponential fit to the productive binding capacities over time suggests two populations of productive binding sites on the celluloses ( Table 3 ). The magnitudes of the productive binding site concentration and lifetime of a given population (SP and τ, respectively) provide insights into the relationship between the productive binding capacity and hydrolysis trends in Figure 4 . The first population of productive binding sites, SP1, has a higher concentration than SP2 for all celluloses-meaning that more sites from SP1 are hydrolyzed in the initial onrush of enzyme action than SP2, that is, the enzymes "sense" a greater concentration of Population 1 than Population 2 at lower conversions. The fact that τ1 is significantly shorter than τ2, confirms that a majority of the sites in Population 1 are depleted before significant enzyme action has occurred on Population 2. The apparent preference of Cel7A for sites from Population 1 indicates that these sites are more accessible to productive complexation than Population 2. The lifetime of the larger population of productive binding sites, τ1, extends to a much greater conversion (~20-40%) for SC and BC than for the more recalcitrant celluloses FP, MCC and AC, where these sites are, on average, depleted before 10 % conversion. This, along with the ranking of the magnitudes of SP1 for each cellulose is reflected in the extent and duration of burst phase kinetics for the celluloses, which rank in order of SC>BC>FP>MCC>AC. Population 2-as the smaller, more slowly decaying population of productive binding sites-governs longer term hydrolysis trends once a majority of the productive binding sites from the more accessible Population 1 are consumed. The initial concentration of this second population of sites is ~30% of the total number of productive binding sites for rapidly hydrolyzed substrates, while it is about 15% of total binding sites for the less readily hydrolyzed celluloses. The magnitude of SP2 correlates with hydrolysis rates at higher conversions, as well as overall conversions, where SC>BC>FP>MCC>AC. As productive binding sites from Population 1 are depleted, it would make sense that those remaining in Population 2 become increasingly rate limiting, hence the correlation of SP2 with late term hydrolysis rates. Furthermore, X at τ2 correlates with overall conversion, which is reasonable as no further hydrolysis can occur after [SPT] decays to zero.
As the fits to the time-evolution of the productive Cel7A binding capacities are empirical, true physical meaning cannot be ascribed to SP1 and SP2, but it seems reasonable that Population 1, which consists of a large fraction of binding sites and decays rapidly, is representative of initially accessible surface binding sites and is a substrate related feature contributing to the slowdown of the initial burst in hydrolysis. The second population of productive binding sites then, are surface sites that become exposed when those around them are removed, and the uncovering of these sites occurs at a more slowly decaying rate during the "steady state" phase of hydrolysis. In the first 30 minutes of hydrolysis, a large magnitude, short lived population, and a smaller magnitude, longer lifetime population of "hydrolysis initiations" measured under single turnover conditions where each bound cellulase is allowed to perform only a single processive run has previously been reported 24 . As each processive run must start at a productive binding site, these populations are essentially another estimate for the evolving productive binding capacity, and agree with the data shown here.
The sustained lifetime of Population 1 and the relatively high magnitude of SP2 for BC are in agreement with the hypothesis that the tendency of this cellulose to fibrillate upon treatment with Cel7A exposes new productive binding sites, as is the rapid depletion of available sites on AC, which remains tightly packed after enzyme treatment 53 . However, lacking in a "chain exposure" model is a physical explanation of what makes the sites in Population 1 more accessible for substrates like BC and SC when compared to FP, MCC and AC. If the only limitation on accessibility is exposure as a surface site, as chain ablation and surface area models assume 3 , then we would expect a dependency of productive binding site concentrations on surface area. However, the specific surface areas reported for MCC as 0.96-2.4 m 2 /g [63] [64] [65] , AC as 64.3-94.7 m 2 /g [63] [64] , and BC as 39.2 m 2 /g 65 , do not correlate with the initial productive binding capacity of MCC and AC, nor the larger productive binding capacity of BC.
'Irreversibly bound' surface enzymes contribute to the depletion of productive binding sites
Although Figure 4 suggests that hydrolysis by Cel7A causes the decline in available productive binding sites on the cellulosic substrates, an alternate or confounding possibility is that the productive binding sites are simply becoming obstructed by tightly or irreversibly bound Cel7A. This question was addressed by generating a parallel set of partially hydrolyzed cellulose samples that were additionally treated with a protease to remove any residual Cel7A on the substrate surface. Analysis of salt-washed cellulose (SWC) and protease-treated cellulose (PTC) samples by sFTIR showed that a small portion of residual enzymes remained on the surface of SWC, while the additional protease treatment completely removed any surface protein ( Figure  S2 in SI). The productive binding capacities of the PTC showed similar decays over the time course as observed with SWC ( Figure 5 ), but retained higher overall magnitudes of productive binding sites throughout hydrolysis (fits are provided in Table S1 in SI). This implies that while decay trends are substrate related in origin, irreversibly adsorbed enzymes further contribute to rate limitations, as has been suggested before 11, 21-22, 32-33, 66-67 . Table 3 and S1 in SI.
Figure 5: Comparison of the productive Cel7A binding capacity of salt washed cellulose (SWC, open markers) and protease treated cellulose (PTC, filled markers) as a function of time. Lines represent fits by Equation 2 for SWC (dotted lines), and PTC (solid line). Fitting parameters are summarized in
To isolate the substrate contribution to rate slowdown, we compared the estimated number of accessible productive binding sites for enzyme-free PTC and residual enzyme containing SWC ( Figure 5 ). We observed a systematic increase in productive binding capacity upon full removal of surface associated enzymes. The fraction of productive binding sites blocked by bound enzyme, σBlocked was calculated as:
[ , ] (9) and was statistically invariant as conversion increased. The time-averaged fraction of blocked sites is summarized in Table 4 .
While the reversibility of cellulase binding to cellulose and its role in hydrolysis rate retardation remains contradictory 19, 22, [66] [67] [68] [69] [70] [71] [72] [73] [74] , our data strongly suggest that some Cel7A resist removal by extensive salt washing, and remain tightly bound to and block significant fractions of the productive binding sites on celluloses (Table 4 ). We confirm that this residual protein is catalytically inactive from flat biosensor readouts indicating no cellobiose production. The onset of enzyme blockage of accessible productive binding sites occurs rapidly (site blockage has already reached a maximum at the first time point measured), but the percentage of blocked sites does not change throughout hydrolysis. The unchanging obstruction of sites suggests that surface enzymes may contribute to retardation of the burst phase to steady state rates, but does not explain further rate limitations occurring at greater conversions. This concept has been captured by enzyme centric models which incorporate non-productive binding, but treat the substrate as inert. 3 Inspection of productive binding capacity trends for PTC shows that even without the presence of residual cellulases, the concentration of productive binding sites available for Cel7A still depletes by a double exponential decay ( Figure 5 and Table S1 in SI), indicating that substrate related evolution governs rate limitations at greater conversions. 1 The concentration of non-productive binding sites (SNP0,SWC) was adjusted as needed to simulate experimental data (Figure 4 ) using the scheme described in Table 1 in combination with Equation 2 . 2 The concentration of non-productive binding sites on enzyme-free cellulose was adjusted by the fraction of blocked productive binding sites:
. 3 Fraction of productive binding sites blocked by irreversibly bound Cel7A obtained experimentally ( Figure 5 and Equation 9 ).
Depletion of the productive binding sites explains overall hydrolysis kinetics
Incorporating the time dependence of productive binding site concentrations successfully simulates experimental cellulose hydrolysis kinetics by mechanistic modeling. The time evolution of the substrate, i.e. the double exponential depletion of productive binding sites as a function of time (Equation 3, Table 3 ) was incorporated with the kinetic mechanism (Equations 4-8, Table 2 ) to simulate Cel7A hydrolysis of SC, BC, FP, MCC and AC. The simulations successfully captured hydrolysis trends throughout the extended time course (Figure 4) ; namely, the curvature of experimental data both during the burst phase and at longer hydrolysis phases are accurately simulated. For example, MCC and AC exhibit similar conversion trends during the first 24 hours of hydrolysis, but AC plateaus more sharply to reach a lower overall degree of conversion, which is accurately simulated by our model. These trends are reflected by the similar decrease in productive binding capacity to 24 hours (~10% conversion of both substrates), with a lower long-term binding capacity resulting for AC ( Figure 5 ).
The initial concentrations of non-productive binding sites (SNP0,SWC, Table 4 ) were adjusted for each cellulose to accurately simulate the experimental hydrolysis time courses in Figure 4 . The easily digestible celluloses, SC and BC had lower concentrations of nonproductive binding sites while the recalcitrant celluloses (FP, MCC and AC) had an order of magnitude higher concentrations of non-productive binding sites. The ratio of initial productive to non-productive binding capacities, SP0/SNP0,SWC, tracked with the overall digestibility of the substrates (SC>BC>FP>MCC>AC), with values around 2 -6 for the more hydrolysable substrates and <0.1 for the more recalcitrant celluloses. Higher initial ratios of productive to nonproductive binding sites could be a quantitative indicator of higher cellulase accessibility to a given cellulosic substrate.
The removal of irreversibly bound Cel7A exposed additional non-productive binding sites on all the celluloses. Increasing the initial concentrations of non-productive binding sites (SNP0,PTC) by the percentage of sites blocked by irreversibly bound enzymes (Table 4 ) when the simulation was conducted using the productive binding capacity decay of enzyme-free cellulose (d[SPT,PTC]/dt, Table S1 ) successfully simulated experimental data of BC hydrolysis ('Adjusted PTC' curve in Figure 6 ). Conversely, when the initial concentration of non-productive binding sites was not adjusted to compensate for blocked sites, the simulation over-estimated cellulose conversion by extending the burst phase of the reaction ('Unadjusted PTC' curve in Figure 6 ). These simulations suggest that irreversible enzyme binding that block potential productive binding sites reduces overall conversion potential of the cellulose by truncating or limiting the burst phase of the hydrolysis reaction. 
Decreasing non-productive binding sites promotes productive binding leading to increased hydrolysis rates
A closer look at the binding sites and bound enzyme distributions ( Figure 6B and C) reveals that a higher fraction of productive binding sites ([SP]/[ST], Figure 6B ) results in a higher fraction of productively bound enzyme ([EBP]/[EBT], Figure 6C ), leading to faster hydrolysis rates both in the initial burst phase and at longer reaction times ( Figure 6A ). Initially, the presence of irreversibly bound enzymes blocking productive binding sites has little influence on either the overall fraction of productive binding sites or the fraction of productively bound enzymes. This can be seen by similar ratios of productive binding sites and productively bound enzymes between SWC with irreversibly bound enzyme ('SWC' in Figure 6 ) and enzyme-free cellulose ('Unadjusted PTC' in Figure 6 ). A slower depletion of productive binding sites on enzyme-free cellulose is responsible for the longer burst and higher overall conversion reached in Figure 6A . Thus, we see that preventing irreversible enzyme binding that results in the loss of productive binding sites maintains a higher fraction of productively bound enzyme and helps to overcome cellulose recalcitrance.
Bacterial cellulose, one of the easily hydrolysable celluloses, had a relatively high initial ratio of productive to non-productive binding sites compared to the recalcitrant celluloses; e.g.
[SP0]/[SNP0] = 2.4 and 0.06 for BC and AC, respectively (Table 4 ). Simulating a scenario where the [SP0]/[SNP0] ratio of BC was reduced to 0.06 (by increasing the initial concentration of nonproductive binding sites, SNP0 from 2 to 80 µmoles/g) greatly limited hydrolysis rates of BC, where the maximum achievable conversion dropped to ~10 % from nearly 100% ( Figure 7A ). The decrease in overall hydrolysis rates and extents of BC was accompanied by a drop in the maximum concentration of productively bound enzyme on BC from 0.02 to ~0.001 µmole/g even though the concentration of productive binding sites remained unchanged ( Figure 7E ). The increased concentration of non-productive binding sites did result in increased concentrations of non-productively bound enzyme ( Figure 7C) . Likewise, when the [SP0]/[SNP0] ratio for AC was increased 40-fold to 2.4 by decreasing [SNP0] from 33 to 0.85 µmole/g, the maximum conversion increased from ~50% to 120% ( Figure 7B ). The conversion increase was primarily due to an increase in burst phase hydrolysis rates due to an overall increase in productive binding by the enzymes (Figure 7F ) even though the concentration of productive binding sites was also not changed in this simulation. Non-productive binding decreased with the lower concentration of non-productive binding sites on AC ( Figure 7D) . Overall, we observed that maintaining a higher ratio of productive to non-productive binding sites favors productive binding and thus increases hydrolysis rates. Increasing concentrations of non-productive binding sites alone (i.e. with no change in the concentration of productive binding sites) appear to both increase non-productively bound enzymes and decrease productively bound enzymes. In fact, Figure 7A and B demonstrate that the hydrolyzability of cellulose changes dramatically simply by changing the relative concentration of non-productive binding sites.
An accumulation of non-productively bound enzymes at high conversions was observed on AC ( Figure 7D concentrations increased non-productive binding, but did not result in the accumulation of nonproductively bound enzyme ( Figure 7C ). However, when we increased the productive to nonproductive binding site ratio of AC to 2.4 by decreasing non-productive binding site concentrations, the magnitude of non-productive binding decreased about two-fold, and the buildup of non-productively bound enzymes was eliminated. This suggests that elevation of the initial productive binding site fraction by eliminating non-productive binding sites (e.g., through pretreatment) can increase burst phase hydrolysis rates, but preventing non-productive binding by retaining a higher fraction of productive binding sites throughout conversion (e.g., by synergistic enzyme action with accessory enzyme) is also key to overcoming hydrolysis limitations.
Complexed, but stalled non-productive enzyme binding shortens burst phase hydrolysis
Since the abundance of non-productive binding sites appears to significantly impact hydrolysis rates, we also examined the role of non-productive enzyme binding on hydrolysis rates. We simulated scenarios where non-productive binding steps (Figure 1 ) were systematically eliminated ( Figure 8A ). Eliminating non-productive binding from solution (Scenarios 1, 2 and 3) had little effect on hydrolysis rates of either the easily digestible BC or the recalcitrant AC ( Figure 8B and C). On BC, eliminating non-productive complexation from solution (Scenario 1) resulted in a faster decrease in the concentration of non-productively bound enzyme ( Figure 8D ), while on AC, an overall decrease in non-productive binding was observed and non-productively bound enzyme no longer accumulated on the substrate ( Figure 8E ). Productive binding was not impacted for either substrate (Figure 8F and G) . Eliminating the formation of non-productively bound enzyme by decomplexation of productively bound enzyme (Scenario 3) caused a slight increase in hydrolysis rates ( Figure 8B , C) after the initial burst phase. Overall, decreasing long term non-productive enzyme buildup by either eliminating non-productive binding from solution or eliminating decomplexation of a surface-bound enzyme (Scenarios 1, 2, or 3) had negligible impact on productive binding and conversion (Figure 8 ).
Eliminating non-productive enzyme binding due to stalling of complexed enzymes (Scenario 4) greatly increased overall conversion by extending the burst phase ( Figure 8B and C). Without enzyme stalling, the accumulation of non-productive enzyme on AC persisted but lessened, while non-productive binding decreased on BC. Moreover, productive binding increased significantly on both BC and AC ( Figure 8F and G) . A similar extension of the burst phase was observed in simulations where irreversibly bound enzyme was removed to expose blocked productive binding sites ( Figure 6 ), suggesting that enzyme stalling upon encountering a non-productive binding site is the origin of these irreversibly bound enzymes. As our method does not distinguish between enzymes bound with occupied or free active site, we cannot comment on the binding mode of enzymes remaining on the cellulose surface after salt washing. However, evidence in the literature points to buildup of processive enzymes upon encountering the end of an "obstacle free path" on the substrate as a source of strongly bound enzymes 4, 8, 10, 14, 21, 26, 35, 48, [75] [76] . Decreasing hydrolysis rates have been observed while the concentration of either the total adsorbed cellulase 58 or Cel7A bound by the active site remained constant (at < 10 hours) 4 . Taken with the simulation results, we thus conclude that the persistence of the burst phase is limited by non-productive binding when complexed enzymes stall (Step 5 in Figure 1 ).
Figure 8: A) Simulations were conducted with removal of binding scenarios from Figure 1. Simulations of scenarios 1-4 as shown in A): B) Simulated conversion of BC; C) Simulated conversion of AC; D) Non-productively bound enzyme on BC; E) Non-productively bound enzyme on AC; F) Productively bound enzyme on BC; G) Productively bound enzyme on AC.
Summary and Conclusions
The discrepancy between reported total binding capacities of cellulose 19, 21, 46, 77 and the productive binding capacities measured here highlights that total surface saturation and productive site saturation are not necessarily interchangeable. In addition, we have shown that the productive binding capacity of cellulose evolves throughout hydrolysis, and that in some instances, treatment of the substrate as inert in heterogeneous interfacial catalysis may inaccurately capture reaction mechanisms. In the context of selecting appropriate reaction conditions to maximize hydrolytic efficiency, estimates for [SPT] throughout hydrolysis can aid in tailoring substrate processing to maximize productive binding site availability initially and during hydrolysis, as well as informing process design to minimize the contribution of inactive surface enzymes in rate limitation. 8, 21, 35, 48, [77] [78] From this study, we have found that the extent to which the initial rate can be maximized and sustained determines overall conversion of cellulose. The results shown here suggest that strategies to increase the initial burst of cellulose hydrolysis are to 1) increase initial productive binding capacity (increases productive binding and increases initial rate), 2) decrease initial nonproductive binding capacity (increases productive binding and increases initial rate), and 3) eliminate stalling (extends the duration of the initial burst phase). Although further study is needed to identify the physical meaning of productive and non-productive binding sites, we conclude that the initial and evolving concentrations of binding site populations on the surface of an insoluble substrate such as cellulose plays a significant role in limiting reaction mechanisms of heterogeneous enzyme catalysis.
